The last fifteen years have seen the application of the cancer stem cell hypothesis to tumors of the central nervous system, in particular to high grade glioma (HGG), the most aggressive and common brain cancer in adults. Seminal studies have shown that cancer stem cells (alternatively named tumor-initiating cells) are capable of self-renew and multipotency, similar to their normal counterpart. More importantly they give rise to tumors that closely mimic the phenotype and genotype of human HGG. The identification of neurogenic niches in adult rodent and human brain has further reinforced the hypothesis that HGG might derive from the malignant transformation occurring in these areas, especially in the sub-ventricular zone (SVZ), the largest and most well characterised stem cell niche. Following from evidence of animal model studies supporting this hypothesis, recently we investigated the role of the SVZ in neuro-oncogenesis using tissue material derived from HGG patients. We also described response to conventional chemo-therapies of cancer stem cells isolated from the SVZ and the tumor mass (T) of the same patients and reconstructed tumor evolution. In this review, such findings will be discussed in the context of the current literature on the biology of the SVZ in the normal and disease brain.
INTRODUCTION
High grade glioma (HGG) are aggressive and lethal brain tumors whose prognosis remains dismal despite advances in neurosurgical techniques and combination of radio-and chemo-therapy. The recent years have seen two major directions of investigation: firstly, the evidence from stem cell biology showing that cancer stem-like populations exist in HGG and other brain tumors and secondly, the application of high-resolution genomics to study HGG genetic heterogeneity. However, the existence of cancer stem cells in tumors does not prove per se that the disease originates from normal stem cells.
In the brain, the sub-ventricular zone (SVZ) is a germinal niche where neurogenesis persists throughout adulthood. In the last twenty years, seminal studies have described the cellular organisation and functional properties of this niche, mainly composed of neural stem, precursor cells and migrating neuroblasts. Given the capacity of stem cells to self-renew and generate differentiating cells while also maintaining their pool, it has been proposed that SVZ stem cells could play a role in tumorigenesis. This hypothesis has been supported by studies using genetically-engineered animal models where the key genetic alterations of HGG occur only in neural stem/precursor cells of the SVZ.
The advent of high-resolution genomic techniques gave us the unique opportunity to overcome the challenges associated with studies in the human brain of HGG where only a small amount of tumor tissue is available and longitudinal studies to assess tumor development are not possible. We developed a real-time fluorescence-guidedtiple-sampling (FGMS) strategy based on 5-aminolevulinic acid to identify cancer stem cells in different tumor regions [1] and we used this approach to describe the extent of spatial genetic intra-tumor heterogeneity in HGG [1, 2] and to reconstruct tumorigenesis. [2] In parallel, we derived cancer stem cells from the tumor mass and the SVZ of the same patients and we showed that drug-resistant cells are present in this niche. [3] These findings have implications for the development of new therapeutic approaches targeting the SVZ.
THE SVZ IN THE ADULT HUMAN BRAIN
The identification of neurogenic niches in rodents [4] has challenged the long-standing notion that the mammalian brain was a quiescent organ characterized by lack of neurogenesis postnatally. [5] In the adult mammalian brain, neurogenesis occurs in 2 germinal regions: the SVZ [6] and the subgranular layer (SGL) of the dentate gyrus of the hippocampus. [7] Several works on the cellular organisation of the SVZ in rodents have revealed the existence of neural stem cells that express the astrocytic marker glial fibrillary acidic protein (GFAP) and give rise to neurons. When compared to the SGL, the SVZ represents the most abundant source of neurons. [8] [9] [10] [11] More recently, studies on the adult human brain have shown that the SVZ retains the same functional properties of the rodent brain, but the GFAP+ve cells are organised in a ribbon. [12, 13] However, important differences exist between the human and rodent SVZ: (1) in humans, the SVZ is positioned in the wall of the lateral ventricles and is characterized by 4 layers. SVZ astrocytes are organised in ribbons separated from the ependymal layer by a hypocellular gap, that is a reminiscence of the neuronal formation and migration occurring at embryonic stages [14] [ Figure 1 ]. Interestingly, the terms SVZ and SEZ have been used interchangeably, however they describe specifically these layers with the inclusion or not of the ependymal layer [ Figure 1 ]; (2) the number of actively proliferating cells in human SVZ is very low in comparison to rodents; [12, 15] and (3) the evidence of the existence of neural stem cells in vivo is still missing in humans, whereas it is well established in rodents.
Accumulating evidence points out to the influence of pathological conditions on neurogenesis. These include infections, inflammations, stroke, epilepsy, tumors and neurodegenerative disorders. [16, 17] For instance, in Huntington's disease an increase in cell proliferation and neurogenesis occur in the SVZ of disease brains. [18] Extending our understanding of the biology of the human SVZ might lead to the identification of novel therapeutic interventions against the large spectrum of diseases affecting the brain.
THE SVZ AS INFLAMMATORY RESERVOIR
In HGG, the onset of malignant transformation can be seen as a traumatic event that can initiate inflammation. This can then persist during the subsequent phases of tumor growth: promotion and progression. [19] Inflammatory cells, particularly tumor-associated macrophages and microglia, are abundant in HGG and pro-inflammatory genes are overexpressed in the tumor core. [20, 21] Most importantly, in HGG inflammation promotes radioresistance. [22] However, so far no study It has been shown that inflammatory processes involving interleukin-6 (IL-6) are initiated after neonatal CNS after injury and that both IL-6 and another member of the same cytokine family, i.e. leukemia inhibitory factor, contribute to the expansion of neural stem and progenitor cells in the SVZ after injury [22, 23] by activating the JAK/STAT pathway. [24] Despite the high expression of IL-6 in HGG and its promotion of tumor growth [25] and invasion, [26] the role of this cytokine is not fully understood. In a mouse model of astrocytomas with inactivation of the IL-6 gene locus, tumor formation is suppressed suggesting that IL-6 is required for glioma growth. [27] Additional studies are required to elucidate the functional role of IL-6 in the SVZ of HGG patients. This might extend our knowledge about its role in promoting malignancy and sustaining neural stem cell self-renewal.
THE SVZ AND THE CANCER STEM CELL HYPOTHESIS
The idea that cancers derive from stem cells is not entirely new. [28] In recent years evidence supporting this concept has been provided by several works on non-solid and solid cancers. Intriguingly, the concept of a stem cell hierarchy inside a tumor found confirmation in several pathologies, from leukaemia to solid cancers (i.e. breast, brain, colon cancers) [29, 30] with the hematopoietic system providing the best example in both chronic myeloid leukaemia and multiple myeloma. [31] However, the initial evidence for the existence of cancer stem cells in several tumors has been followed by the consistent observation that these cells hijack functional properties of normal stem cells. In particular, it has been thought that virtually all cancer cell lines available can be turned into cancer stem cells by changing the growth medium and by exposing them to mitogenic stimuli. More importantly, the functional similarities with normal stem cells has also led to speculate that if cancer cells resemble stem cell features then the tumor itself might originate from the malignant transformation of normal stem cells of that particular tissue, therefore cancer stem cells might represent the tumor "cell of origin". However, "cancer stem cell" and "cell of origin" represent two different concepts [32] that are often confused and used interchangeably.
In HGG, there is evidence that the tumor derives from stem/precursor cells in genetically-engineered animal models of the disease (see next section "The SVZ as an oncogenic niche"). Histological studies on HGG patients revealed a mixture of cell morphologies including virtually all the spectrum of differentiating cells, from highly immature [33, 34] to terminally differentiated cells. [35, 36] This has further suggested that a stem cell hierarchy might operate in HGG and might be responsible for its highly heterogeneous phenotype. [31] However, more recent studies have pointed out that the capacity of tumor cells to mimic the functional properties of stem cells is a "plastic" process that can be influenced by extrinsic factors (for instance, a more permissive microenvironment characterized by high immunosuppression [37, 38] ) or by instrinsic factors (for instance, transcription factor that can induce a stem cell transcriptional program in tumor cells [39] ), thus suggesting that cancer stem cells are the result of an aberrant program of cell plasticity. [40] THE SVZ AS AN ONCOGENIC NICHE
The importance of the SVZ as a potential oncogenic niche stems from an initial study in the 40s' suggesting that brain tumors with ventricular walls contact might originate from the embryonic rests present in the SVZ. [41] This was followed by studies in the 60s' showing that mitosis occurs in the sub-ependymal layer of rodent and primate brain [5, 42] and in the 70s' with the intraventricular injections of oncogenic viruses. [43, 44] More recently, other studies took advantage of the development of genetically-modified viruses and animal models. Interestingly, in mice it was initially shown that undifferentiated (precursor) cells can be more easily transformed when compared to cells that are terminally differentiated, [45, 46] thus corroborating the hypothesis that neural stem/precursor cells might represent the target of malignant transformation. In addition to the above findings, a subsequent study comparing cultures of astrocytes vs. neurosphere precursor cells has shown that dedifferentiation of astrocytes (promoted by EGFR activation) makes these cells susceptible to malignant transformation similarly to neural stem cells, by combining loss of critical tumor suppressors, i.e. p16Ink4a/p19Arf. [47] Following the characterization of the adult brain SVZ as stem cell niche in rodents and humans [8, 12, 48] and the identification of "cancer stem cells", [49] animal models have been extensively developed in order to understand if the SVZ can be a source of brain tumors. [31] In HGG, it has been shown that neurogenic regions are susceptible to malignant transformation, in particular following stereotactic infusion of growth factors, such as PDGF, in the SVZ. [50, 51] Similarly, using geneticallyengineered mouse models, it has also been demostrated that HGG can be driven by tumor suppressor inactivation in neural stem/progenitor cells [52, 53] and that a subpopulation of stem-like/Nestin(+ve) cells is responsible for tumor re-initiation following chemotherapy. [54] In support of these findings it was also noted that p53 mutations preferentially occur in the SVZ. [55] Collectively, these results raise the question on whether cancer stem cells directly derive from SVZ stem cells. Although mouse model studies have indicated that this is the case, these findings have been severely hampered by a limited representation of the aberrant genetic landscape of HGG and the use of markers that poorly discriminate between stem cells and precursor cells. [32] More recently, the same question has been addressed by using a transgenic cell-labelling system known as mosaic analysis with double markers. [56] Using this model, it has been proposed that the cells of origin in HGG are oligodendrocyte precursor cells, thus challenging the notion that HGG may originate from transformation and expansion of the neural stem cell pool.
Although the debate about the cell of origin in HGG is still open, the above studies have helped define the potential targets of malignant transformation that can be further investigated to elucidate the process of oncogenesis in HGG patients. The limited availability of tissue samples and the clinical complex scenario at the time of surgery make it difficult to reconstruct the initial steps of tumor development and alternative methods are needed. Given the critical functional role of the SVZ in the adult human brain, it has been speculated that this niche might play a role in neurooncogenesis. This has been the focus of our recent study on HGG patients. [3] 
THE SVZ AS A SOURCE OF TUMOR CELLS IN HGG PATIENTS
The identification of cancer stem cells from human HGG has represented a novel tool to develop therapeutic strategies [57, 58] and these cells have been proposed as a model that more closely represents the human disease. [59] We took advantage of these findings to objectively interrogate primary HGG in humans using a neurosurgical techniques based on FGMS. In the clinic fluorescence-guided resection has resulted in enhanced cytoreduction and improved progression-free survival in patients in a randomized Phase III trial. [60] We have adapted this technology to allow the objective identification of tumor tissue based on combining fluorescence emission and neuroanatomical landmarks and we have recently demonstrated that this technique can be successfully employed to characterize cancer stem cells derived from fluorescent and non-fluorescent material in HGG patients. [1] Quite unexpectedly, we observed for the first time that fluorescent material is present in the SVZ of 42 out of 65 HGG patients who underwent surgery using fluorescence-guided resection and we isolated tissue from the tumor mass and the SVZ. Using these samples we reported that the SVZ contains malignant cells that contribute to tumor growth. [3] This has never been demonstrated in humans, but similar observations have been reported in mouse models of HGG. [46, [53] [54] [55] 61] Importantly, the phylogenetic relationship between SVZ and tumor in these patients identifies the SVZ as a reservoir of tumor cells (either early tumor clones or late-emergent clones that develop during HGG growth) that need to be therapeutically targeted. Thus, we investigated responses to chemo-therapeutic agents using cancer stem cells from SVZ and T of the same patients. Surprisingly, we found that such cells respond differently to therapies, which represent the standard of care for HGG patients. Our data also suggest that a large fraction of cells is resistant to chemo-therapy even at supra-maximal doses [3] providing a possible explanation for the treatment failure seen in HGG patients. In this context, cancer stem cells isolated from SVZ could be used for drug screening to develop new therapeutic strategies aimed at understanding their mechanisms of resistance [ Figure 2 ]. Targeting the SVZ will require extensive characterization of the phenotype(s) of these cells as well as their studies to assess the response to radiation. Interestingly, it has been shown that irradiation of the SVZ in HGG patients improves progression-free survival. [62] The involvement of the SVZ in HGG also prompt to the need of classifying tumors according to their location in the brain and integrating these data with molecular and phenotypic analysis and clinical information [ Figure 2] . A previous work showed that HGG involving the SVZ give rise to recurrences far from the primary tumor site, contributing to the hypothesis that this is due to migrating neural precursors. [63] However, another study suggested that there is no evidence of a "stem cell signature" in HGG with involvement of SVZ in comparison to those with no involvement of this region. [64] This might be reconciled considering that, as suggested by animal model studies, HGG originated in the SVZ grow along white matter tracts and macroscopically do not show involvement of the SVZ. [52] The combination of studies on the adult human SVZ in HGG patients and animal models might shed new light on the functional role of this region in neuro-oncogenesis.
CONCLUSION
With the life expectancy reduced of twenty years, on average, brain tumors represent the most lethal cancer in adults. [65] Among these, HGG is the most aggressive form and among glioma has the poorest prognosis. The function role of the largest neurogenic niche in the brain (i.e. the SVZ) and its presence in the adult human brain, raised the possibility that this area might play a role in the oncogenic process leading to HGG.
Our study revealed that two types of evolutionary trajectories can be observed in patients: the first sees the SVZ playing a role in the growth of the tumor as early clone, whereas in the second the SVZ represents a late emerging clone that suggests infiltration of this area following tumor growth. These results are extremely important as they provide insights about the cell of origin of human HGG but also might impact on treatment strategies. In this respect, our drug treatment data clearly show distinct patterns of response in the same HGG and the existence of chemo-resistant tumor cells in the SVZ. However, the response of SVZ tumor cells to radiation is still to be explored. Interestingly, previous studies have reported that OPC are sensitive to radiation [66] and more recently it has been shown that OPC-like glioma Olig2+ cells respond better to radiation than HGG cells [67] identified by CD44. [68] At the same time, other questions need to be addressed: (1) what is the role of the other well characterized neurogenic region in the adult brain (i.e. the SGZ); could this be also source of neural precursors responsible for initiate HGG and other brain tumors in patients? (2) what are the evolutionary trajectories in those patients where the HGG lies in the cortical mantle and does not show any contact with the SVZ by using FGMS? We have just started to scratch the surface of what seems to be a complicated dynamic process of HGG evolution that involves the SVZ, in addition to more recent publications by us [69] and others [70] deciphering the genomic architecture of the T. There is hope that these findings and more studies on the role of SVZ in brain tumors might impact on improving patient survival and leading to personalized treatments.
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